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The quantum Landau collision operator, which extends the widely used Landau/Fokker-Planck
collision operator to include quantum statistical effects, is discussed. The quantum extension can
serve as a reference model for including electron collisions in non-equilibrium dense plasmas, in
which the quantum nature of electrons cannot be neglected. In this paper, the properties of the
Landau collision operator that have been useful in traditional plasma kinetic theory and plasma
transport theory are extended to the quantum case. We outline basic properties in connection with
the conservation laws, the H-theorem, and the global and local equilibrium distributions. We
discuss the Fokker-Planck form of the operator in terms of three potentials that extend the usual
two Rosenbluth potentials. We establish practical closed-form expressions for these potentials
under local thermal equilibrium conditions in terms of Fermi-Dirac and Bose-Einstein integrals.
We study the properties of linearized quantum Landau operator, and extend two popular
approximations used in plasma physics to include collisions in kinetic simulations. We apply
the quantum Landau operator to the classic test-particle problem to illustrate the physical effects
embodied in the quantum extension. We present useful closed-form expressions for the
electron-ion momentum and energy transfer rates. Throughout the paper, similarities and differen-
ces between the quantum and classical Landau collision operators are emphasized. © 2016

AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4944392]

I. INTRODUCTION

The work presented in this paper is part of an effort aimed
at developing practical approximations to enable kinetic simu-
lations of dense plasmas under non-equilibrium conditions.
This is motivated by recent experiments on warm dense mat-
ter and on charged-particle transport in plasmas formed along
the compression pathway to ignition in inertial confinement
fusion experiments. Indeed, by their nature, warm dense mat-
ter experiments produce transient, non-equilibrium conditions,
and measurements of equilibrium properties may be mislead-
ing if recorded while the plasma species are still out of equi-
librium." On the other hand, it is likely that current and future
X-ray diagnostics offer the possibility to probe the return to
equilibrium of the non-equilibrium states thus created, and
provide new information on the nature of interactions in warm
dense matter.>™* Other recent experiments aimed at measuring
the stopping power of charged projectiles in inertial fusion
targets’ and warm dense matter,"’ as well as alternative
particle-beam inertial fusion designs,® can also benefit from
non-equilibrium kinetic simulations.

Unlike traditional plasmas, dense plasmas are dense
enough and cold enough that the wave-like and fermionic na-
ture of electrons can no longer be neglected. A major challenge
to performing non-equilibrium simulations of dense plasmas is
to include the quantum nature of conduction electrons in their
collisions among themselves and with ions. The state of the
art computational methods for modeling dense plasmas is
finite-temperature  density-functional-theory-based molecular
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dynamics and quantum Monte-Carlo,” which, by construction,
represent well the electron-electron and electron-ion correla-
tions in thermal equilibrium. However, electrons are not dy-
namical in these approaches. As a consequence of the
fluctuation-dissipation theorem, it is possible to extract linear
transport coefficients like the electrical conductivities from
these simulations. However, transient dynamics, time-
dependent disturbances, and non-equilibrium dynamics beyond
the linear regime are not accessible using these methods. The
extension of these microscopic methods, e.g., time-dependent
density functional theory, to such dynamical conditions is still
in its infancy.”'” Until now, the majority of non-equilibrium
calculations have been done using classical molecular dynam-
ics, in which quantum effects are included through modifica-
tions of the pair potentials used in the classical Newton’s
equations of motion.'"'? Another approach, which is the preva-
lent approach in traditional plasma physics, consists of describ-
ing electrons with a kinetic equation that describes the
evolution of the electron distribution function in phase-space.
While quantum kinetic theory is a mature ﬁeld,13’14 detailed
quantum kinetic equations remain hard to solve both analyti-
cally and numerically. This is true not only of the Kadanoff-
Baym equations for the non-equilibrium Green’s functions but
also of less detailed descriptions like the quantum Boltzmann
equation first introduced by Uehling and Uhlenbeck to extend
the celebrated Boltzmann equation to the quantum realm. 13.15
In fact, similar remarks can be made about the inclusion
of collisions in classical plasma physics. While fairly detailed
kinetic theories exist, e.g., the Lenard-Balescu kinetic equa-
tion, the simpler kinetic equation derived by Landau is gener-
ally preferred in applications.'®!” The Landau equation or,
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equivalently, the Fokker-Plank operator is, indeed, the starting
point or the underlying model of collisions of a large majority
of studies in many areas of plasma physics. There, the under-
lying plasmas are typically hot and dilute enough that the av-
erage particle kinetic energy greatly exceeds the potential
energy of interaction. In this weakly coupled regime, colli-
sions, i.e., the interactions of charged particles with the
electric and magnetic field fluctuations, cause only small
deflections of the velocity vector of plasma particles. The
effect of these deflections on the one-particle distribution
functions is well described by the Landau operator, which is
essentially a diffusion operator in velocity space. Curiously,
to our knowledge, the quantum extension of the Landau equa-
tion has not been considered as a suitable model of electron
collisions in dense plasmas. Under dense plasma conditions
such as created in high-energy-density experiments, ions are
weakly coupled at high enough temperature but become
strongly coupled for temperatures below which their mean ki-
netic energy is lower than their mean potential energy of
interaction; the description of ion collisions with the Landau
colllision operator is invalid under such strongly coupled con-
ditions. On the contrary, electrons remain weakly coupled
among themselves at all temperatures as a result of their fer-
mionic character (higher kinetic energy states are being popu-
lated as the temperature decreases). It is therefore legitimate
to explore the possibility to model electron-electron interac-
tions with a Landau-like collision operator that accounts for
the quantum nature of electrons. Like the classical Landau op-
erator, the quantum Landau collision operator can be obtained
by retaining in the Boltzmann-Uehling-Uhlenbeck collision
integral, only the small angle scattering events. To our knowl-
edge, it was first introduced in the literature in 1980 by
Danielewicz in the context of heavy-ion collision physics,
but, apart from a few appearances in the mathematically ori-
ented literature,"®'? it has not been utilized in physics. Like
its classical counterpart, this model of collisions is interesting
since it can be derived from controlled, physically motivated
approximations; it incorporates important physics, including
the effect of quantum degeneracy on the statistics of colli-
sions; and it is more easily amenable to numerical simulations
than other more detailed approximations. For these reasons,
the quantum Landau collision operator is a relevant, non-
trivial model of electron collisions in non-equilibrium dense
palsmas, which can serve as a reference to more advanced
descriptions, in a way similar to the Thomas-Fermi model
with respect to advanced density functional theory descrip-
tions for equation-of-state calculations.

Our primary objective is to extend to the quantum case
the properties of the Landau collision operator that have
been useful in traditional plasma kinetic theory and plasma
transport theory (see, e.g., Ref. 17). The extension is often
technically not straightforward, and we therefore give in the
appendixes the details of the mathematical derivations and
tricks used to this purpose. The resulting closed-form expres-
sions highlighted in the main text, however, are easy to use
in either analytical or numerical applications. In addition,
throughout the paper, we emphasize the similarities and dif-
ferences between the quantum and classical Landau collision
operator. More precisely, the paper is organized as follows.
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In Sec. II, the quantum Landau collision operator is intro-
duced and its properties are studied. For completeness, we
first recall important properties in connection with the con-
servation laws, the H-theorem, and the global and local equi-
librium distributions. We then express the quantum Landau
operator in the form of a non-linear Fokker-Planck operator.
This requires introducing three Rosenbluth-like potentials,
instead of two Rosenbluth potentials for the classical opera-
tor. Practical, closed-form expressions of the potentials are
then given in the limit of local thermal equilibrium distribu-
tion functions. We then illustrate the physical implications of
the quantum corrections on the classic test-particle problem
in an equilibrium electron-ion plasma; practical expressions
are given for the friction and diffusion coefficients and for
the energy loss rate of the test-particle. Finally, we present
useful expressions for the electron-ion momentum and
energy transfer rates in plasmas consisting of quantum elec-
trons and classical ions. In Sec. III, we extend the previous
study to the linearized quantum Landau operator, linearized
around local thermal equilibrium. This is motivated by the
fact that linearized collision operators are central both in the
mathematical treatments of kinetic theories like in the
Chapman-Enskog method,”® and to some advanced numeri-
cal algorithms like the df-method.*' In this regard, we extend
to the quantum case two popular approximations of the line-
arized collision operator that are used in traditional plasma
kinetic simulations.

For convenience, the term quantum Landau-Fokker-
Planck collision operator is used throughout the paper and
abbreviated with the acronym qLFP to refer to the quantum
Landau collision operator or to its Fokker-Planck form.

Il. QUANTUM LANDAU COLLISION OPERATOR

To the best of our knowledge, the qLFP collision operator
was first discussed by Danielewicz in Ref. 22 in the context of
heavy-ion collision physics. The operator was derived for gen-
eral mutual interactions from the grazing collision approxima-
tion of the Boltzmann-Uehling-Uhlenbeck kinetic equation.*
In the appendix of Ref. 22, the general collision operator was
specialized to Coulomb interactions. For completeness, in
Appendix A, we give a slightly different derivation starting
from the Boltzmann-Uehling-Uhlenbeck collision operator
with the dynamically screened Coulomb scattering cross sec-
tion in the Born approximation. By construction, the qLFP
collision operator inherits the assumptions at the basis of the
Boltzmann-Uehling-Uhlenbeck operator (e.g., regarding quan-
tum exchange, and diffraction), and we refer the reader to the
extensive literature on this equation for more details (in partic-
ular, we recommend Ref. 13).

A. Definition

We consider a plasma consisting of N species of non-
relativistic charged particles (including ions and electrons)
of mass m,, charge g, = Z,e (e is minus the electron charge).
Each species a is described by a single-particle phase-space
distribution function f,(r, p, f), normalized so that n,(r,?) =
| dpf.(r,p, 1) is the number density. For simplicity of exposi-
tion of the properties of the qLFP collision operator, which
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is the focus of this paper, we assume that collisions among
all species are described by a quantum Landau collision op-
erator. In applications to dense plasmas, the qLFP kinetic
equation could be restricted to conduction electrons, while
another description could be chosen to describe the ion dy-
namics, in particular, under conditions when ions are
strongly coupled. Several schemes can be envisioned in that
respect with different levels of sophistication. For instance, a
simple model would describe both charged species with
qLFP operators assuming classical ions and quantum elec-
trons, and would include the effect of strong Coulomb cou-
plings within the Coulomb logarithms, as is supported by the
recently developed effective potential theory of trans-
port.>* 2% A more sophisticated approach would combine a
qLFP treatment of the electrons with classical molecular dy-
namics for the ions; the foundations of such a “kinetic theory
molecular dynamics” approach were recently discussed by
Graziani et al.?’

Within the Landau approximation, the distribution func-
tions f,, satisfy the kinetic equations

Df" anb(fa,fb e))

Here

Dfa _Ofa Py a Wa
Dt Or +ma or + ¥ op

(@)

a

is the streaming operator describing the trajectories in phase-
space of species a particles under the influence of the force
F, (e.g., the plasma mean electric field or an external disturb-
ance). Cu(fy,f») denotes the qLFP operator of interest in this
paper, which describes the effect on f, of collisions between
particles of species a with particles of species b (like-species
scattering is described by the term with b =a). By dropping
dependencies on (r, ), C, is given by
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where InA,;, is the Coulomb logarithm (see below), and
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where Tis the identity tensor, u,, = mamy/(mq + my) is the
reduced mass, and

Pa

Vab = Va — Vb, .
mg

Vg =
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In Eq. (3), 0, = —1,0,1 for Fermi-Dirac, Boltzmann, and
Bose-Einstein statistics, respectively. The expression (3)
includes the classical Landau equation as a special case by
setting 0, = d, = 0. In the majority of applications in
plasma physics, the ions can be treated as classical particles
0, = 0 and the electrons are fermions 6, = —1. However,
for sake of generality, the results presented below are
derived irrespective of the particles’ statistics. Finally,

0, = 2nm , where g, is the spin multiplicity factor of species

a (ga—Z for electrons), so that drdp/0, is the number of
available states in the phase volume drdp.

B. Discussion
1. Quantum degeneracy effect

The bracket terms [1 + 6,0,f,] and [1 4 9,0,f5] in Cgp

account for the quantum statistics. For fermions (5, = —1),

drdp

the Pauli principle requires that no more than particles of

species « in the volume dr can possess momenta in the range
dp. The probability of a collision that would result in a parti-
cle of species a entering this range is thus reduced in the
ratio [1 — Hafa].zs For bosons, on the contrary, the presence
of a like particle in the range dp increases the probability
that a particle will enter that range in the ratio [1 + 0,f,].

2. Coulomb logarithms

The Coulomb logarithm refers to the integral over mo-
mentum transfers 7k

iy = |5 @
0o k

that arises in the process of retaining only the small-angle
scattering events in the Boltzmann collision operator with
the Coulomb scattering law, or, as in Appendix A,

2

< dk
; (&)

InA, :J —
b K

when using the screened Coulomb scattering cross section in
the Born approximation (here e is the total dielectric function
in the random phase approximation®”). The integral (4) is
divergent at both ends of the integration range: at large mo-
mentum transfer /ik, because of the grazing collisions approxi-
mation, and at small k because of the infinite range of the bare
Coulomb potential (the divergence is regularized by the
dielectric function in Eq. (5)). In practice, physically moti-
vated cutoff parameters k,,;, and k,,,,, are introduced to regula-

1
e(k,0)

rize the otherwise divergent integral, leading InA = In (]]‘(—)

min

We refer to Refs. 30 and 31 for detailed discussions on the
choice of cutoffs for dense plasmas, and to Appendix A of
Ref. 32 for additional choices. For completeness, we recall
here the most popular prescription for typical dense electron-
ion plasmas. The logarithm is expressed in the form™
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1 K2
InA = Eln(l + kf;:)’

with upper and lower cutoffs given as follows. The minimum
Kynin 18 set by Coulomb screening.3 3 For A,

kpin = min<ksc‘7 1/61),

where a; = (3/4nn;)"/? is the interionic distance and the k.
is the inverse screening length

ks = ki + k2,
where kp ; is the ionic Debye length

2 4nniql-2
DI kT
and £, is the Thomas-Fermi screening length

k2 _ k2 Q—%(ﬁ()lu’e) ~ kég
e — "De ~ 1
© Qlbere) (14 12/12)?

)

in terms of the Fermi-Dirac integral defined below. For A,,,
kmin = ke. The upper limit k,,, is, under typical dense
plasma conditions, set by the characteristic inverse electron
deBroglie wavelength of electrons, which is conveniently
approximated across degeneracy regimes by

with A, = 4/ 27k /m.kgT, the thermal deBroglie wavelength.

3. Non-linearity

The quantum operator has a higher-order nonlinearity
than its classical counterpart, since the dependence on the
distribution functions is cubic in the quantum case and
quadratic in the classical case. This leads to extra difficul-
ties to deal with in both the analytical and numerical
treatments.

C. Properties

Like its classical counterpart,'” the qLFP collision oper-
ator satisfies physically important properties in connection
with the conservation laws and with the concept of irreversi-
bility. These properties can be readily derived assuming that
the distribution functions vanish sufficiently fast as |p| — oo
to eliminate surface integrals. Although these properties
have already been discussed in Ref. 22, we recall them here
without proof for the sake of completeness.

1. Local conservation laws

At each space-time point (r, ), the total number of par-
ticles of any species n, = [dpf,, the total momentum
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P=>, [dppf,, and the total (kinetic) energy E =

Y. dp % f. are conserved by collisions. More precisely,

jdp Carlfufs)(p) = 0,

jdppcab[ﬂ,,fh]( ) = jdppcba[fb,fm )

2
Jdp ab[fmfh]( ) Jdp Cha[fbvfa]( )

i.e., the local density is not affected by collisions, the mo-
mentum transfer rate from species b to species a is equal in
magnitude and opposite in direction to that from a to b, and
the energy is conserved in a binary collisions between spe-
cies a and b.

2. H-theorem

Consider the total entropy density s and flux j, defined
as

s(r 1) = —kBZJ‘é—p [flnf, — 6, (1 + 8f,)In(1 + 6.f,) ]

a

Ar) =k 3 [T (1407 n(1+5.7)

with £, = 0,f,. The qLFP kinetic equation implies

8s+8 >0
ot 8r ’

which expresses the local H-theorem. In particular, the total
entropy S(z) = [drs(r,1) satisfies dS > > 0 and is a monotoni-
cally 1ncreas1ng function of tlme, whatever the initial
conditions.

3. Global equilibrium

As a consequence, whatever the initial conditions, the
time evolution reaches a final, time-independent state, a.k.a.
stationary state, when S(¢) reaches its maximum character-
ized by % = 0. The only stationary states are the Fermi-

Dirac (6, = —1) or Bose-Einstein (6, = 1) distribution
functions
1 1
fa (ra P) =7 ) Vaa

0, e*ﬁ[ﬂrﬁ(p*mau)z] -4,

where the inverse temperature f§ = 1/kgT, the chemical
potential y,, and the flow velocity u are constant independent
of (r,#) and are the same for all species.

4. Local thermal equilibrium

The effect of collisions vanishes only when all species
are in a local Fermi-Dirac or Bose-Einstein state at the same
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local inverse temperature fS(r,7) and flow velocity u(r,?).
More precisely,

C(lh[f(ﬂfb] =0

if and only if, Va,

Ya,b

1 1
f;l(rapvt) = . (6)

O =B Ha(ra)—gz(p-meu(ra)?] _ 5

We recall for later reference that the classical limit of the
local thermal equilibrium is given by fi, — —oo, which
yields the familiar Maxwell-Boltzmann distribution

fa(r,p,t)wna(r,l‘)( p )3/2

2nmy,

B 2
X e ZalPaMaCO for By — —o0,

3
with the local number density n, = ol (2“%)26’3"“.
D. Fokker-Planck-like form of the quantum
Landau-Fokker-Planck operator

The qLFP collision integral (3) can be written in the
form of a non-linear Fokker-Planck collision operator®*

0
Cab[faafh] - 7% . Aabfa(l + 5a6afa) + Babfa
10 o
- Eapa : (Dahfa> ’ (7)
0 1 0
= _apa . |:Aahfa(l + 500afa) _EDab 'a_pafa:| ) (8)

where we introduced the “dynamical friction” vectors

Aw(Ps) = —y® Jdpb {gpb : Vab(paa Pb)}fb(l’b),

0 -
Bab(pa) = _Z_:yab X Jdpb |:6_ph ’ Vab<pa7 pb):|
X fo(Py) [1 + Sb0ufs(Ps)]

and the diffusion tensor

Duy(pe) = 2 Jdp,,%b<pm D)o (0 [1 + 8304 (03]

For simplicity, we dropped the explicit dependences on (r, )
in the previous expressions. In deriving Eq. (8), we used the

relation Buy(p,) = 455~ Das(Po)-
As with the classical operator,35
A, Bapy, and D, can be written as

the coefficients

9% OH, (Va)

mp :uab 8Va

Aw(Pa) = : (9a)

7 Oly(va)
Maflyy Vg

Buy(p,) = (9b)
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ab 92
- . y_a G},(Va)
Dun(Pa) = 3= 50 %)
in terms of the three “potentials”
H},(V) = dVb ﬁ?(Vb) 5
)TV =Wl
Ty (V) | 1+ 3500, (Vi
[v— vy
Gy(v) = | dvs|v — Vilfy (Vi) [1 + &é;f},(w)} ,

with 0, = 0,/m} and f(v,) = m}f(myv,). The three poten-
tials H,, I,,, and G, are solution of Poisson’s equations

V2H,(v) = —4nf,(v),
V21, (v) = —4nf,(V)[1 4 8,047, (v)],

V2Gy(v) = 21,(v),
where V = %.
In the case d, =0, Buy(p,) = ;2 Aws(P,), and Eq. (7)
corresponds to the usual Landau-Fokker-Planck collision op-
erator with friction (1 + fni) Agp. In this case, I, = H,,, and H,,

and G, reduce to the two usual Rosenbluth potentials.*

E. Potentials in local thermal equilibrium

We provide closed-form expressions for the potential
H,, I, and G, when f, is a local equilibrium distribution
function (6), i.e., (dropping the subscript b)

~ 1 1
f(ra v, t) == > .
Qe—/f(r,f)[,u(r,r)—m(v—u(r?r))‘/Z] -5

These expressions are useful in a number of applications, includ-
ing the test-particle problem and linear transport problem.

We recall that, in the classical case, the equilibrium
Rosenbluth potentials satisfy'’->

(/%)

erf 7W

Hv) =1(v) = n— (11a)

G(v)=n <W+m/13w> erf( /37mw> + %ﬁefng 7
(11b)

where w = |v — u|. The extension of these expressions to the
quantum case is not completely trivial, and we report the
lengthy details in Appendix C. The results can be conven-
iently expressed in terms of the usual Fermi-Dirac (6 = —1)
and Bose-Einstein (6 = 1) integrals of order v and argument ¢
defined as
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where T'(¢ Jm x'“le™*dx is the Gamma function, along
with the lower mcomplete integral defined as

14

1 * y
(%) = I'(v+1) L dyeyf’ -5’

and the upper incomplete integral

Q(t,x) = Q,(1) — Q,(t,x).
We find
H(v) = 47Tm [2\/\/__ Qia(t,x) + Q(t, x)] (12a)
I(v) = 2210\;/2 (%), (12b)
4”3/2’”\/_ 2m32m 1
G(v) = ﬂ 0 Q,%(l‘,x) +—— ﬁ 0 \/, %< x)
o (12¢)

11 (f\)
+/30 (+e ),

where t = fu and x = E’"” . In the classical limit fu — —oo,

the previous express1ons reduce to the classical Rosenbluth
potentials (11). This can be shown using

Q%(t,x) ~ eterf(\/)—c) _ %et—x

Q_i(t,x) ~ e'erf (/x)

Q(t,x) ~ "

for t — —oo. In practice, the potentials can be numerically
evaluated using accurate series representations of the inte-
grals Q,, e.g., Ref. 36.

F. Scattering of a test-particle

In order to illustrate the effect of the quantum statistics
on the Landau collision operator, we apply the previous
results to the classic test-particle problem. We consider a clas-
sical test-particle in an otherwise homogenous electron-ion
plasma at thermal equilibrium at temperature 7. Electrons (e)
are treated as quantum mechanical particles (with g, =2 and
0, = —1 for spin 1/2 particles) and ions (i) are treated as clas-
sical particles. This composition will lead us to use and com-
pare both the quantum and classical expressions (12) and (11)
of Sec. I E. In the following, n; and n, denote the particle den-
sities, f; = 5, = 1/kgT the inverse temperatures (the expres-
sions given below apply to , # f,), and 0 = (2n%i)’ /2; the
other notations can be found in Sec. II. The test-particle
constitutes a third particle species and is labeled by the letter
t. We assume that the distribution function f;, of non-
interacting test-particles is homogenous, so that the spatial
gradient and mean -field force in the streaming operator (2)
disappear, i.e., 5, :gt Under these conditions, the kinetic
equation (1) satisfied by f; becomes the linear Fokker-Planck
equation
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o 0

%0 [ AP _%% (B,(p)fr(p)>]’

where the dynamical friction and diffusion tensor are inde-
pendent of f;, and are given by the sum of the contributions
due to collisions with electrons and ions

A(P) = Ar(D) (1 +Z—j> +A,i(p)(1 +%>

= —u(v)p,
Dy(p) = Dwe(p) + Dii(p)
= m’d| (U)( P—p> —|—m,2di(v)2—l2).

These contributions are calculated by applying Eq. (9) to the
quantum and classical potentials (12) and (11), respectively.
We obtain the friction coefficient v, = v;, + v; with

1 mdye Qi (Bt x;
Ve (V) = — MV (M M
47T7h m{ ,uze me XZ,

i m;\ n; 2x; _.
1 - l I Y 1) — — = Xi 3
Vi (v) ;2 ) ( + i> 3 {erf(x) \/_e }

the parallel diffusion coefficient dﬂ = d’e "‘ with
te 2
I (U) = mym(v)7 (133.)
e)Pe
ti 2
|(v) = WW(U)’ (13b)
i)Pi

and the perpendicular diffusion coefficient d', = d'¢ + d" with

1 m2,})fe
dte — e
O = g,

1
X_

1
2
o [Q%(ﬁmueaxe) - 2 %(ﬂe:ue? ):| 5
) yti n; 1 1
& (v) = 1= —Verf(x) +——e 5|,
10 = i (1 5 )t + ]

where we defined

1/2
xa:(m) v and U:M.

2 my

For the illustration, we have evaluated these coefficients
over a wide range of physical conditions for a proton
immersed in fully ionized hydrogen (electron-proton)
21<B

plasma. In the following, v; = (v,) is the ion (electron)

thermal velocity, vr = \/2Ep/me, Er = m(Sn ne)z/3

denote the electron Fermi velocity and Fermi energy, ® =

kgT -

£ 1s the degeneracy parameter, which measures the degree

of quantum degeneracy of electrons, wp, = \/AEER s the
me

3

1/3
H) is the average

electron plasma frequency, and a, = (

distance between electrons.
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In order to help the reader interpret physically the
results, we briefly recall how the friction and diffusion coef-
ficients are related to important processes'’ before discussing
the numerical results. Under the influence of collisions with
the background electrons and ions, the test-particle distribu-
tion f, spreads out in momentum space, and ultimately
becomes isotropic and Maxwellian as it reached thermal
equilibrium with the electron-ion plasma. The particle’s mo-
mentum p(¢) undergoes a random walk like motion, which
consists of a systematic friction force —v,p(¢) together with
a random force that randomizes the direction of the momen-
tum in directions perpendicular and parallel to the instanta-
neous momentum according to

d 2 d 2
2\ Bp1)7) =2midy, o ((Ap))7) = mid),

where ((Ap.)?*) and <(Ap|‘)2) measure the spread of the dis-
tribution function along both directions. Finally, the rate of
change of the expectation value of the test-particle’s kinetic
energy W = 5,-p; is related to

aw
W
dt vg W,

with the energy-loss rate

vi(8) = 20(0) ~ (d1<v> +od <v>),
with v = |p|/m,.

Figures 1-3 show dimensionless results for the slowing
down rate 1,(v)/wy., the diffusion coefficient d' (v)/
(a;cr,), and the energy loss rate vg(v)/wy, over a wide
range of conditions spanning from the classical regime
(®=50) to the quantum degenerate regime (® = 0.01), and
for a wide range of test-particle velocities v spanning form

the very slow v < v; to the very fast v>> max(v,,vr)
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velocity regimes. The results shown were obtained setting
the Coulomb logarithms to unity, In4,, = InA; = 1, to high-
light the effect of quantum statistics on the momentum inte-
gral in the Landau collision operator. The parallel diffusion
coefficient is not shown since it is simply related to v,(v)
according to Eq. (13). The arrows in Figs. 1-3 mark the loca-
tion of velocities v;, v,, and vg. The figures also show the sep-
arate contributions of electrons and ions on the coefficients.

The following general qualitative observations can be
made regarding the effect of quantum degeneracy.

1. Friction v{(v)

For all conditions, the slowing down rate is dominated by
the ion contzribution at small enough velocity v < v* and by
the electron contribution at large enough velocity v > v*,
where v*/v; (located by an arrow in Fig. 1) increases with
decreasing ®. While the ion thermal velocity remains for all
® a good reference velocity that marks a net change in the
collisionality with ions (see below), the reference velocity for
electrons is vef = max(v,, vp). The latter varies from the ther-
mal velocity v, to the Fermi velocity vr as ® enters quantum
degenerate regime ® < 1. For energetic test-particles with
v > v*, the collision with electrons become much less effec-
tive when v > v,s. Note that in the limit of full degeneracy
® — 0, v, (v) consists of two pieces, namely,

te,3 v;
! 7)mk(l—i—m'>>< U_g’

_ v > U
3n2h3 m? m
1 e e 1, v<up,

Vie (V)

as can be seen in Fig. 1 for ® = 0.01 and 0.1. Finally, in
order to see more easily the quantitative effect of the electron
quantum degeneracy on the slowing-down rate, Fig. 4 (top
panel) shows the ratio v,(v) /151 (v) of the results shown in
Fig. 1 to the values obtained assuming classical.

10 — : 102
1078 [T

10° T N 10:: I FIG. 1. Slowing-down rate v;(v)/wpe
8 TS 10_6 [ (black dotted line) of a test-particle
10 10_7 [ (Z,=1) of electron-ion plasmas with
1010 | e=50 18_8 o= ion charge Z;=1, density ry=1, and
9| electron degeneracy 0 = 50, 1,0.1, and
10712 1:)?10 | 0.01, asa functipn of the Fest—particle
v=v, v=vg v=v, 10 vay, Vve Vv, | veloqty v in units of the ion thermal
10714 | | | 1012 | N velocity v;.. The arrows indicate the
1 10 100 1000 1 10 100 1000 location of the ion thermal velocity v;,
VIV VIV, the electron Fermi velocity vg, the
electron thermal velocity v,, and the
10° i VTV* i 10! VTV* transition around v* from the low ve-
. 100 | locity regime dominated by collisions
102 101+ with ions and the high velocity regime
: 102 | dominated by electron collisions. The
104 ) 1 10° T . . g full green line shows the contribution
Tl T . v (v) of the electrons, the full orange
100 | ©=0.1 1 10° | line shows the contribution v,(v) of
8 100 | ©=0.01 the ions, while the dashed lines show
10 | 107 | the small and large test-particle veloc-

1010 VTVi V:l"e Vl:VF 10'2 F Vv vave vevE ity limits discussed in the text.

1 10 100 1000 10 1 10 100 1000
vy VIV;
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107 + 0=1
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10 V=Y V=V v=v;
¢ L . 4 ‘
1 10 100 1000 1 10 100 1000 . . .
- - FIG. 2. Diffusion coefficient d', (v)/
' ' (a}w},) of a test-particle. The condi-
5 tions, notations, and legends are the
10 i cass same as in Fig. 1.
10°F T
el T e T
10 10°®
7
. 107 S,
o7t e J -,
©=01 10 | ©=0.01
. o
10 ud
T 10° —
V=V, V=V, V=V, = = =!
10 | i e i \ 110 vy vave ‘ VaVE
1 10 100 1000 1 10 100 1000
VIV, VIV,

2. Diffusion d, (v)

The most striking effect is the strong reduction of the
electron contribution to the diffusion coefficient in the
quantum degenerate regime at high velocities. While
in the classical regime electrons and ions equally contrib-
ute to the perpendicular diffusion, the contribution
of electrons decreases significantly when ® < 1. In the
fully degenerate limit ® — 0, df(v) =0. To see more
easily, the quantitative effect of the electron quantum
degeneracy on the diffusion coefficient, Fig. 4 (bottom
panel) shows the ratio d (v)/d"**(v) of the results
shown in Fig. 2 to the values obtained assuming classical
electrons.

3. Energy relaxation rate vg (v)

The energy loss rate, which is closely related to the stop-
ping power of the electron-ion plasma, shows transitions
similar to those discussed above for v,(v).

For practical purposes,”’ we now give explicit formulas
for the three main velocity regimes readily distinguishable in
Figures 1-3. These formulas give very accurate results in
their range of validity; this can be seen in Figs. 1 and 2,
which represent them in the low and high velocity regimes
(dashes lines). Moreover, these formulas can be readily eval-

3
vated using the relation n, = (2752h)3 (Z%f”)zQ%(ﬁeue) between

the particle density and f,u,, together with the simple

10
10
10°®
108
0=50 FIG. 3. Energy loss rate |vg(v)|/wpe
10710 rate (black full line) of a test-particle.
1012 1010 6=1 The conditions are the same  as ip
vev,  vvp V=V, vev Veve vev Fig. 1. The energy loss vg(v) is posi-
1074 ! b b 10712 P R tive at the right of the dip region, is
0.1 1 10 100 1000 0.1 1 10 100 1000 zero at the minimum occurring at
VIV, VIV; v=v;, and is negative to its left (at
small enough velocity, the test-particle
102 absorbs energy from the plasma). The
0 orange and green dotted lines show the
10 contribution of the ions and electrons,
102 respectively. The arrows indicate the
location of the ion thermal velocity v,,
107 the electron Fermi velocity vy and the
10 electron thermal velocity v,.
o] oo 108 | ©=0.01
10 =0.
10_10 VTVi V:lve Vlva 10_8 [ VTVi ‘ V=‘Ve VTVF ]
0.1 1 10 100 1000 0.1 1 10 100 1000

Vv,

Vv,
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FIG. 4. Ratio of the quantum to classical slowing-down rate (top panel) and
perpendicular diffusion coefficient (bottom panel) for a test-particle in an
electron-ion plasma with ion charge Z;=1, density ry=1 and electron
degeneracy ® =50 (red line), 1 (green line), 0.1 (blue line), and 0.01 (black
line). The colored arrows indicate the location of the Fermi velocity for each
value of the degeneracy parameter.

approximate inversion formula of the Fermi integral, which
can be found in Ref. 38

)

3 4 A0 U 4 pe-(1th2
M =—=1nO + In +
Pee = =3 NG 1+A@"

with A =0.25954, B=0.0072, and b=0.858, where ® =
1/(p,Er) is the degeneracy parameter with Ep = %
(3n2n,)*3.

Using the notation

we have

(a) For v < v;, max(v,,vr), the slowing-down rate and
the diffusion coefficients are independent of
velocity

4 rn3 lnAm my
— " ar ¢ 1+
vl =5 el [4n%h3ne1+6"’f””( +””e>

Z,‘IHA,‘ m
(),
U; m;
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. 4 mgvg InA,, ZnA;;
|(v) = Line |55 ;
3\/;{ 4mh’n, 1+ e Pette U

d' (v) = dj(v).

Thus, the test-particle motion is the same as a usual
Brownian motion.

(b) For v; < v < max(v,, vr), the electron collisions have
the same effect as in previous range, but the collisions
with ions have a much different effect

mz InA,, - m
3m2in, 1 + e Pere m,

Z,'ll’l[\,,' mt
1%

v(v) = n I x

)

n;
miv? InA ZnA,v?
t _ ee te 1 Yy
d)(v) = Line 3m2hin, 1 + e Pete v3 '
() =T mzvg InA,, ZnA,;
v) =Tn, .
L ! 3m2ien, 1 + e Peke v

Diffusion due to ion collisions is primarily perpendicu-
lar to the test-particle velocity.

(c) For an energetic test-particle with v;, max(v,, vr) < v,
diffusion is mainly perpendicular to the velocity of the
test-particle, with electrons and ions making roughly
equal contributions:

<1 + ﬂ) InA;. + Z; (1 + ﬂ) InA,
m

n I’y
V,(U) = 3

b
e n

I
‘[‘(U) = ;—3”8 [v?lnA,e + Z,~vl-21nA,,}7

I,
d\ (v) ==

v [lnA,e + Zill’l/\t,‘].

If the test-particle is an ion, the slowing-down rate is
due mainly to collisions with electrons; for an electron
test-particle, the electron and ion collisional contribu-
tions are roughly equal.

G. Electron-ion collisional transfer rates

Whereas electrons may, in principle, have any degree of
degeneracy, the ions behave classically under most of the
plasma conditions feasible in the laboratory. Accordingly, in
this section, we consider the electron-ion collision operators

; 0 /17 /
Calfe B =5 jdp Va(p,p))

ae / ai !
AL ) - 8 o) 1~ o] |

.0 —
Cielfis fe] () =7 ap [dp’ Vie(p,P')

ai ’ . ’ e !
AL )1 - 06 - 2 )}
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assuming ions are classical (i.e., (1 + 90;0;f;) ~ 1). Instead of
focussing again on the properties of these operators as before,
here we discuss and provide useful closed-form expressions
for the resulting electron-ion momentum and energy transfer
rates, which measure the rate at which the electron and ion
subsystems exchange momentum and energy. The derivation
of closed-form expressions is fairly involved, the details of
which are given in Appendix D.

1. Electron-ion collisional momentum transfer rate

Dropping the dependence on (r, 7), the electron-ion mo-
mentum transfer rate, or friction force, is

Fei[feaﬁ] - Jdppcel(p)
_Jdppcze(p) = _Fie[fivfe]'

That is, the collisional momentum transfer from ions to elec-
trons is equal in magnitude and opposite in direction to that
from electrons to ions, in agreement with Newton’s third
law. More explicitly,

Falfof) = [dpAatetw)| (1470) ~ 001

with 0, = (2a71)? /2. The expression can be evaluated in a
closed-form assuming that the ionic distribution function is a
local Maxwell-Boltzmann distribution with density #;(r,?),
mean velocity u;(r, ), and temperature kgT;(r,7) = 1/f;(r, 1)

. % i
fi(e.p.0) = ni (_ﬁl ) eI,

and that the electronic distribution function is a local Fermi-
Dirac distribution with chemical potential p,(r, ), mean ve-
locity u,(r, t), and temperature kgT,(r, 1) = 1/f,(r,1)

1 1
f‘é‘(r7 p, ) 0_ [‘u( (l‘ [) 2,,,£(p*mpug(l‘,l))z] I | .

The resulting expression for F,; is complicated (see
Appendix D), but can be greatly simplified in the limit where
|u; —u.| < v;, where v; =+/2/m;f; is the ion thermal
speed.”® After a lengthy calculation described in Appendix
D, we find to first order in u; — u,

U, — u;
—MeNe — 5

Fei [fe7fl ] =
where the momentum-transfer time is defined by

1 Sfmy ni i
Tfl 3 :uet né[))e

1= >
[ (k-
Oc Jo 1+ eBetegmn?’ Bi

In the classical limit f,p, — —o0,
reduces to the usual result'”*°

)y Jr1:| (14)

the expression (14)
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1 4y n; m,
1. 1%\ s
o 3y/mEmu, (1;2+1)2)3/2< +mi) (15
e 1

with v, = \/m In many physical situations, "’“ﬁ‘ <1,
and Eq. (14) is then well approximated by
11 dany 1

—_ = for %
oty 3 m, 0,1+ e Pk mip;

ei

< 1. (l16)

Figure 5 shows the relaxation time 7,; as a function of the
degeneracy parameter ©.

2. Electron-ion collisional energy transfer rate

The electron-ion collisional energy exchange rate is

(p - meu€)2
2m,

QeiVeaﬁ] = Jdp Cel(p)

AL {(p — mau.) - Au(PY. ()

X [(1 +Z—> - Hfg(p)} +%Trﬁg,-(p)fg(p)}.

It is related to the ion-electron rate such as
Qei + Qie - (ui - ue) 'Feia

which expresses the conservation of energy in collisions
between electrons and ions. With the local distribution
functions considered in Sec. IIG1, we find, assuming
[lu; — || /v; < 1,

T — T

Qei[ eafi} = 3ane (1 + m ) Qm[ﬁafe}

Tei
where the energy relaxation time is

i 16\/_/}’1")/ n’ (14_%)

Tg 3 Hei Ne m;

1 00 27y2
_J dy— ¢ 17

mefe
0e Jo 1 + e Bette gmibi »
2
10 :
Quantum ——
100 [ Classical - ]

inverse relaxation rate

0.01 0.1 1 10 100
degeneracy parameter ©

FIG. 5. Inverse relaxation rate . /7.;, Eq. (16), and its classical limit (15)
as a function of the degeneracy parameter ® in an hydrogen plasma with
ne =128 x 10% cm 3.
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In the classical limit f,u, — —oo, the expression (17)
reduces to the usual result'’

1 4 n; ( - me)
2 3Vmmlp, (V2 + U%)S/z m;
In the limit % < 1, Eq. (17) is well approximated by
1 1

—_— A~ ——

‘EQ Tei

el

)

where 1, is defined as in Eq. (16). This result corresponds to
the popular result of Brysk er al.>° that was obtained by
extending the usual binary Coulomb collision calculation of
Spitzer™® to include the Pauli principle. Further discussion on
7.; in dense plasmas can be found in Ref. 41.

lll. LINEARIZED QUANTUM LANDAU COLLISION
OPERATOR: ELECTRON-ELECTRON COLLISIONS

The non-linearity of a collision operator is essential if the
state of the system is far from local thermal equilibrium.
However, in the important situations where the phase-space
distribution f remains near local thermal equilibrium f,, the
linearized form of the collision operator provides an accurate
description of the dynamics of the deviation of =f — fo,
while the dynamics of f is governed the hydrodynamic equa-
tions through its dependence on the thermodynamic variables.
More generally, linearized collision operators play an impor-
tant role in the mathematical analysis of kinetic equations
based on perturbation expansions, such as in the celebrated
Chapman-Enskog method. Moreover, linearized collision
operators are at the basis of advanced numerical algorithms to
include the effect of collisions in kinetic simulations (e.g., the
df-method in traditional plasma physics®'***%). The extension
of such algorithms to the qLFP operator could be used in the
applications to dense plasmas briefly mentioned in Sec. II. In
this section, we discuss the properties of the operator obtained
by linearizing the qLFP operator around local equilibrium.
First we describe general properties in connection with the
conservation laws, the stationary states, and the self-
adjointness and positivity of the linerarized operator. From
these properties, the well-known Chapman-Enskog solution
of the classical Boltzmann equation”® can be straightfor-
wardly adapted to the qLFP operator. Then we discuss two
approximations of the linearized qLFP operator that can be
useful in numerical implementations of the latter for modeling
dense plasmas near local equilibrium.

We focus on the linearization of the operator C,, for like-
particle collisions; the extension to unlike-particle collision
operator C,, is straightforward. For definiteness, but without
lack of generality, we consider the electron-electron collision
operator (setting o, = —1, g,=2 in the C,,). For simplicity

[P L)

of notation, we drop the subscript “e” in most expressions.

A. Generalities

We assume that at every space-time position (r, ), the
momentum distribution function can be decomposed as

Phys. Plasmas 23, 032706 (2016)

f :fO + 5f7
where

1
(27‘Ch)3 e*/;(r,t) [/t(r,t)fﬁ(pfmu(r.t))z] +1

Jo(r,p, 1) =

is the local Fermi-Dirac distribution function and
of < f.

For convenience we define the momentum in the reference
frame

g(rap7[) :pfmu(r,t), 8= |g|7

and the function Fy(g) = fo(g + mu).
Expanding the electron-electron qLFP collision operator
to first order in Jf, we obtain

Cee[f}f] = Cee[fO;fO] +65f + 0(5f2)7
=0

where

Cof = Cilfy, 9f] + Calof . fo]

is the linearized qLFP collision operator.

1. First term

C; is a differential operator acting on Jf, more precisely
a linear Fokker-Planck operator
0 10 =
Cilfo,of] =——=—- | C9 ———-(D5> , 18
1o, of ] ap{ f28p f] (18)
where the friction vector C and diffusion tensor D are inde-
pendent of Jf and are given by

C= (1 - zef())Aee[fO] + Bee[fOL (19)
D = D, [fo)] (20)

in terms of the friction vectors and diffusion tensor defined
in Eq. (9). Using the expressions (12) for the potentials in
local equilibrium into Eq. (9), we obtain the following
closed-form expression:

C(l‘, P, t) = C(l‘, g t)ga

gg =~ g8
D(r,p,1) :d|(r,g,t)gz+dL(r,g,t)(I—g2>,

where

c(g) = a(g)(1 —20F(g)) + b(g)

and

4pee 3
o) ="t (i) %0, W
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_ A m 2 8my“m
he = <2nh2ﬂ) O-4lBx) + =g Fol@)
2
dj(g) = —?ma(g), 1b)
a2 (N ) L, 2o
L(g)_?<M) _1(Bu,x 3 1(8)s (2lc

_ B2
where x = 5 ¢°.

In the classical limit, C; reduces to the collision
(Fokker-Planck) operator of a test-particle colliding with a
Maxwellian background.'” In contrast, the general expres-
sion (18) differs from that of a test-particle moving in the
equilibrium, Fermi-Dirac electronic background (as previ-
ously discussed in Sec. IIE). Nevertheless, C; can still be
regarded as a drag-diffusion operator in momentum space,
with drag coefficient ¢ and diffusion coefficients d) and d .

2. Second term

The second term

alar il = = 5 {ocloro - 5 5+ (Lo .

where

5CI3f] = (1 — Ofo) Ave[0f] + B [(1 — 20f)5f],
SD[Sf] = Dee[(1 — 20f) o).

The term C, consists of source and sink terms that enforce
the conservation laws of the full operator C. While simpler
than the non-linear operator C,,, C; is nevertheless still com-
plicated to deal with analytically and numerically since it is
a non-local integral operator of the form

Calof  fol (p) = jdp’lqp, p)oF (p). 22)

Below we discuss approximations of C, that can be used to
facilitate its treatment in practical applications.

3. Alternative expression

For some applications, the following expression of the
linearized operator C can be useful

A o 8 ’
Cof = “/“%- Jdp' Vp.p)- {—(g:)p) - 8‘2;',’ )]

where of = fo(1 — 0fp) .

B. Properties

The linearized operator C has most of the same proper-
ties as the non-linear collision term C,, (see Sec. I C) and as
its classical counterpart.'” The properties listed here can be
important in analytical works and numerical applications.
Interestingly, several of them are satisfied separately by the
terms C; and C,.
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1. Collisional invariants
The quantities (1, p,p?) are the collisional invariants of

C,ie.,

Jdptpééf =0 for ¥ =1,pc,py,p-,p"

2. Self-adjointness

This important property of the linearized collision oper-
ator is arguably more difficult to prove than in the classical
case. The details of the proof are given in Appendix E 1.

Let of =fo(1 — Ofp)a, where a is a scalar function of
momentum p; we define

Io(a) = Cof = I1(a) + I(a),
with
Ii(a) = Cilfo,of],  DL(a) = Co[of . fol-

Given two functions @ and b of the momentum p, we define
the bracket integrals

la,b], = Jdp bl,(a) withn=0,1,2.

The following properties are satisfied:

(a) the bracket integrals are bilinear, symmetric forms, i.e.,

la,b], = [b,a], withn=0,1,2. (23)

(b) I is a semi-definite positive operator in the sense that,
for arbitrary a

la,a], > 0.

The equality sign holds if and only if @ is a linear com-
bination of the collisional invariants

a(p) =co +¢; - p + c2p?, (24

where ¢, ¢, and ¢, are independent of p;
(c) consequently, the general solution of the homogeneous
integral equation /y(a) = 0 is given by Eq. (24), i.e.,

ééf =0 << (Sf = (Co +c-p+ C2p2) 0(1 — Hf())
(25)

Physically, Eq. (25) can be regarded as the general
expression for the modification of a local Fermi-Dirac
distribution function due to perturbations in the ther-
modynamic variables y, f§, and u, Taylor expanded to
first order in these perturbation. Indeed, by substituting
u~+ ou for u (and similarly for  and u) in Eq. (18),
and Taylor expanding with respect to the variations
o, off and du, the first order term is

(p—mu

2
5f:[ﬂ5,u+<u— o )>5/3+ﬁ(p—mu)-5u

Xf()(l — Qfo)
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C. Approximations

As mentioned above, in applications, rather than use the
complicated integral operator C,, it may be more convenient
to employ a simpler approximate operator that shares as
many properties as possible with the exact operator. At the
least, to be physically acceptable, one should replace C, by a
term that guarantees local particle number, momentum, and
energy conservation such that the particles, momentum, and
energy removed by the drag-diffusion term C; is replenished
by the approximate C,.

In the following, we generalize two approximations of the
classical, linearized Fokker-Planck operator commonly used in
traditional plasma physics.**™* We begin by extending to the
quantum case the approximation introduced by Catto and
Tsang and later by other authors,*****> and then we consider
the refined formulation of Lin, Tang, and Lee.** For conven-
ience, we remark that both approximations can be written as

C2[0f , fo] = fo(1 — 0fo) O[],

with
O[of] = =K - | dp' [p' — mu]Ci[fo, of']
—& | dp’ [a(p’ — mu)> +bCi[fo, 0]  (26a)
= K- |dp Cof'
—& | dp'al2C - (p — mu) + TD]5f',  (26b)

where df = f (r,p’, ) (note that in deriving the last equa-
tion (26b), b was assumed to be independent of p’).

Comparing Egs. (26) with (22), one sees that the former
is significantly simpler to evaluate for different values of the
momentum p than the exact operator; in particular, the mo-
mentum integrals of of in O[df](r,p,?) is the same for all
values of p and, in contrast to Eq. (22), need to be evaluated
only once at each space-time point (r, 7).

1. First approximation

Although not explicitly mentioned in the original papers,
the approximation of Refs. 44 and 45 is obtained by expanding
the classical limit C3[Jf,fy] over orthogonal trivariate polyno-
mials with respect to the local Maxwellian distribution func-
tion, e.g., the Hermite tensor polynomials introduced by
Grad,*® and then keeping only the terms that are strictly neces-
sary to ensure the conservation of particle number, momentum,
and energy, and setting all the other terms to zero. The general-
ization to the quantum case requires polynomials orthogonal
with respect to fo(1 — 6fp), which leads to Eq. (26) with

B ()

=2 b=-3_2_"".
o QA

One can easily verify*’*® that the polynomials H(g) = 1,

gi(i=1,2,3),and ag2 + b are, indeed, orthogonal with respect
to fo(1 — 0fp). Enforcing the constraints of conservation of
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particle number, momentum and energy, we obtain the follow-
ing expressions for K and &:

K(r,p,?) = ak(r,1)g,

with
~1
o= |3 [aw et - o)
Q, -
= lnkaT%]
and

m - Q_.(Bu)

E(r,p,t) = ag(r,1) <ﬁ(P - inU(r,z))2 ; Qi(Bu) >7

with
_ Q,(h) \” _
e = ([ an (Zgz —392%((52)) folll = o)

~1
2
i Qs (Bu) o Qi(Bu)

o \Lm) |
In the classical limit i — —oo obtained using Q,(r) ~ 1
for t — —o0, the previous expressions give

= |15

1 1

= mnkgT’ “on’

which correspond to the usual values used in the

. 44,45
literature.™™

2. Second approximation

This approximation improves the first approximation in
that, like the exact operator, it annihilates functions Jf of the
form (25). The approximation corresponds to setting

a=1, b=0,
in Eq. (26) together with
K(l‘, P, t) = “K(r7 t)C(rv P, t) = O{K(r7 [)C(l‘, g, t)ga

with

_|! 2%fo(1 — 0 h
Og = [ngngfO( - fo)]

5 —1
- 1% (%’")2(9;@#)—@;(@))] @7

and

g(l‘, P, t) = 0‘8(‘“7 t) [ZC(I‘, P, t) g+ Trﬁ(r, P, t)]
= OCg(l‘, t) [26‘([‘, g t)gz + dH (l‘, g t) +2d; (l‘, g t)}a

with
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o = Udp {2cg4 + (d) + ZdL)gﬂﬁ)(l - Ofo)} )

128 /2y /m 3
In the classical limit (obtained using the series expansion
F,(t)=z— zﬁil +0(z%) with z = ¢), the previous expres-
sions give

—1 1
2n2,yee ﬂ 2,.ee m
OCK—<— 3 o , og=|—4n7y ”n_ﬁ )

which correspond to those originally proposed by Lin
et al>'*®

This approximation satisfies many properties of the
exact operator previously discussed in Sec. III B.

3. Self-adjointness

Let of = fo(1 — 0fo)a, and

1) = fol1 — 06)O0f,  [a, b5 = Jdp blifa).
Then, by construction, as shown in Appendix E 2
[a,b); = [b, al5. (28)

As a consequence, the approximate linearized collision
operator

ééf = Cl (fo,éf) +f0(1 - ()fO)O[éf]

is also self-adjoint.

4. Conservation laws

By construction, the quantities (1, p, p?) are the collision
invariants of C, i.e.,

Jdp(co +ep+op’)Cof =0, Vf, (29)
where ¢y, ¢, and ¢, are independent of p.

5. Stationary states

C satisfies*’
Cof =0 <= f = (co+c¢1-p+cap?)fo(l — 0fp).

Like the exact linearized operator C (see Eq. (25), but
unlike the first approximation, the second approximation
annihilates the collisional steady states, i.e., the linearly
shifted Fermi-Dirac distribution functions. This is because
by taking into account the momentum dependence of the
momentum and energy exchange rates induced by colli-
sions, the second approximation maintains a linearly shifted
Fermi-Dirac distribution by restoring the momentum and
energy according to their loss rates. In contrast, in the first
approximation, an initially linearly shifted Fermi-Dirac dis-
tribution function is being distorted in momentum space
over time.
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IV. CONCLUSION

We have extended many of the standard properties of
the classical Landau-Fokker-Plank collision operator widely
used in plasma physics to the quantum Landau collision op-
erator, which extends the former operator to include effects
of quantum statistics. First, we have discussed general
aspects of the qLFP operator, including properties in connec-
tion with the conservation laws, the H-theorem, and the
global and local equilibrium distributions; its Fokker-Planck
form in terms of three potentials that extend the usual two
Rosenbluth potentials; the establishment of useful closed-
form expressions for these potentials in terms of Fermi-Dirac
and Bose-Einstein integrals; the application of the latter to
the classic test-particle problem to illustrate the physics
embodied by the qLFP operator; the development of useful
closed-form expressions for the electron-ion momentum and
energy transfer rates. Then, we have discussed the basic
properties of the linearized qLFP operator, and extended two
classic approximations of its classical counterpart that can be
useful in numerical implementations. The algebraic manipu-
lations needed in establishing useful, closed-form expres-
sions are arguably less straightforward than in the classical
case. We have therefore given all the derivations in the
appendixes not only for completeness but also because the
“tricks” used could potentially be useful to other quantum ki-
netic theory calculations.
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APPENDIX A: A DERIVATION OF THE QUANTUM
LANDAU COLLISION OPERATOR

We present a physicist’s derivation of the qLFP colli-
sion operator. For simplicity of notation, we consider an
electron plasma in a uniform positive charge background;
in this appendix, m is the electron mass, u(k) = 4me®/k?* is
Fourier transform of the bare Coulomb potential energy
e*/r of two electrons at a distance r apart. We start
from the quantum Boltzmann (gqB) collision integral for
the rate of change of the number of electrons in momen-
tum state p

CP(f.£)(p) = J""/ J (2?@)3 e(q/hvgl q_2>
"Em 2m

2 /
X%é(m(p—p +q))

X [fp+qu’fq(1 - pr) (1 - pr’)
_fllfp’(l - 0fp+q) (l - pr’fq)} ) (A1)
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where the transition probability per unit time for Coulomb scattering of two electrons from momentum state p, p’ to momen-
tum states p + q, p — q accounts for the screening effect via the dielectric function €(k, w).29

The qLFP collision integral is obtained by retaining in C?% only the small angle scattering events. This is done by expand-
ing the integrand in powers of the momentum transfer q and keeping only the leading term. While the calculation does not
present any major difficulty, the bookkeeping of terms of the same order requires some attention in order to reduce to the com-
pact form Eq. (3). Below we outline the main steps.

We combine the expansion to first-order in q of both the delta function

a- (o9 +a) ~oa- (b—p)) +a-5-0(a- (- p)

and the dielectric function

2 2 2

U(Cl/h) ~ |__vla/n) 4.9 v(q/h) 7
gD s )

with the Taylor expansion to second order in q of the term in brackets in Eq. (A1)

0 of.y
] ~ [q~ Ty (1= Of) —a- 58 (1 - efp)f;)} - Bqﬂfp aly (1~ 0y) 50 Dfy - afy (1 — 0y
0, Ofy
B2 mo]

The term of first order vanishes upon integration over q and the terms of second order is

2

U(Q/h) 3 5(‘1' (p -p' +q)) [fp+qu’fq(1 - 9fp><1 - pr’) _fnfp’(l - 0fp+q> (1 - 9fp’7q>]
(i)

2m

2

o(q/h) (%%).{qé( o-)a [fpf,,(lefp) g{fﬁp(lefp)]}

Nl
T2 q-p
h P
6<Q/ ’ hm>

2

q 0| wlq/h) , Wp . - Wy g
+§ op m x 5(‘1' (P—P)) {Q'a—pfp’(l _Ofp’) —q~8—p,(1 —ij) p]-
" hm

Hence, to lowest order in q, we find
2

dk | o) ) x o(k- (p—p'))kk - |:g_];l:fp’(l — Ofy) = afp apte(1 - (’fp)} &3)

C[f,f)(p >~m”a{i,'Jdp'J(zn> (

P
m

Equation (A3) can be regarded as the quantum extension of the classical Lenard-Balescu collision integral (in the literature,
Eq. (Al) is often abusively referred to as the quantum Lenard-Balescu equation'”). Like in the classical case, the gLFP equa-

tion is obtained in the static limit e(k, k—lp) — ¢(k,0), leading to

m 0

! ’ 0 0
CqLFP[f7f](p) = 82 op Jdp G(p-p)- {ai;fp’(l —Ofy) — fp fp( pr)}

where

3(k - g)kk = n(4ng?) InA g g_ g8
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withg = p — p/, and

< dk 1 2
mA=| & ’ ‘ A4
w=| o (A9
is the Coulomb logarithm.
APPENDIX B: IMPORTANT PROPERTIES OF THE
FERMI-DIRAC FUNCTION
The quantum equilibrium distribution function
1 1
foPiBo) = 5———
q He_ﬂ(ﬂ_;_rzu) _ 5
satisfies
10
——f, =f,(1+ d0f,
,88/1 q l{( t{)
1 0
pa—’uzfq = f4(1 4 60f,)(1 + 200f,) (B1)

0
6_pfq = _n%pfq(l + 50fq)'

We emphasize these properties because the fact that products
of the form f,(1 + 60f,) and f,(1 + 60f,)(1 + 200f;) can be
simply expressed in term of derivatives of f is essential in
deriving the most of the results of the main text. This prop-
erty of the equilibrium quantum distribution function is quite
fortunate. In the classical case, the equivalent properties sat-
isfied by the Maxwell-Boltzmann distribution (more pre-
cisely of the underlying exponential function) are even
simpler and are often unnoticed, but they are similarly essen-
tial to our ability to write closed-form formulas.

In addition, the majority of the closed-form results were
obtained by noticing the following relation between the
quantum distribution function and the Maxwell-Boltzmann
distribution function

1> 1
Ja(p: B, 1) Ziaj dE——grm —5
—ifa(P:iz), (B2)

where

3/2 -
fd(p;ﬁ)zn(ﬁ> e,

L[t
14ea—2 —00 e4 Y —0
Sy —x?) and 6(y —x%) = [ ‘g—;e"(y‘xz) = [ Az o7y =¥

00 —ioco 2mi
; - 2 K . .
= [0 4 < 732672 The relation (B2) provides a link
—ioo 2mi 73/2

between the classical results and the quantum results.
Indeed, the classical expression for the Rosenbluth potentials
and related quantities is momentum integrals of the form

Equation (B2) simply follows from

1a(B) = jva<v>ﬁ,<v; B,
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while their quantum counterparts (10) are of the form

1,(Bo) = j v O (v: B 1),

and

(o) = [ v Q0 (vi ) (1 + 007, (vi 1)
_19
~ Bou

where we used Eq. (B1) in the last expression. Knowing
I.1(B), 1, and J,, can be obtained using

Ly(B. ), (B3)

3/2

2mm)™’" 1 (> 1
Iq(ﬂ, ,u) - n aj—oo dE e Bu—E) _§
100 dz ezE
X J ‘ %ZSTI"](Z) 5 (B4)

which results from the relation (B2). This way the quantum
calculation amounts first to an integral in the complex
planes, which, for the cases of interest here, can be done
using Cauchy’s residues theorem. The remaining integral
over E yields to Fermi integrals.

APPENDIX C: CALCULATION OF POTENTIALS H, I,
AND G IN LOCAL THERMAL EQUILIBRIUM

All closed-form expressions for the potentials H, /, and G
are obtained by applying the method outlined in Appendix B.

1. Potential H
We have
1
H<V) = JdV/ ||V _ V/||ff[(vl; ﬁ)

) e i 1

T oon 0) . e bE 5
100 dz EZE .
o 2mipn ta(viE)

where

_ / 1 A L mp
Hy(v,B) = Jdv mfcl(v p) = ;erf<\/;V>

is the classical Rosenbluth potential. The complex integral is
performed as follows:

e dz et 2mn [ dz €F Y wp
J-mﬁm (Vi) = Vv —foo%TLe S
Zmn 0 [ dz e (E-m2)
el s
- jg)” ;de)(E—mxz/Z),
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where we used

o+ioo dz e
2 — 0. Cl
JO(*iOC 2ni z (X) ( )
Therefore,
4rm1 (Y o0 1
H(vV)=—- E—7f—————
(V) v HJO i me2/2 ¢ e P=E) —§
4nm mfv
o (ﬁ L )
Bo
1 /2nm\ >/ mpv*
Jr@ (T) Qi (ﬁﬂ, ; (C2)

after an integration by parts.

2. Potential /

The potential / is obtained by applying Eq. (B3) to (C2),
i.e.,

/ 1 Folol. YA _lé
103) = [ e ') (14.607,V5P)) = ).
3. Potential G
We again apply Egs. (B3) and (B4), i.e.,
£ (v Nf 10
6v) = [avly = V) [1 4 007,0] = 5 2 60,
where
o) = [avllv = VI (©3)
(2mm)** 1 [ 1
= ELC Ak 5 5
2 dz e
X Jim i 32 8el(Vi ) (C4)

and g, is the classical Rosenbluth potential

ga(v.B) = jdv’nv VIV B)

=n U—&-L erf m—ﬁv + . e
N mpv 2 mf

The complex integral is

00 dz ezE '
ﬂooﬁmgd(wz)

Jzoo dz ezE
=n _—

i ~3/2
oo 2mi 23/

+ 2 e_%"z]

mz
2m [ dz eF L =y n e
=\/—nw —.— \/ -
7 Lico 2Tl zZ U oo 2Tl 22
U o 2 o 7 e'E o
e 2V dx+ —e .
0 nm iso 2mi z
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Using f“ﬂoo dz &

ico 2mi 2%

= —xO(x) and Eq. (C1), we then find

v {o.¢] E
= ’H ——J d J e
g(V) v (V)+ 0 0 B 0 1—‘1-6_/)’(”_&_15)

1 (> E
+Amm— | ——————.
T T pary

Using [;* dE ln(l +eﬁ<"’#>> and Eq. (B1),

2
/f(u e p)
we find I+

32
o =10+ (Z) " Loy (s w)
+8;2m(191n(1 + eﬁ(’“#)),

where we used an integration by parts.
APPENDIX D: FORMULAS FOR R,;AND Q.;

1. Friction force R,;

We again apply the method outlined in Appendix B to
Foi= JdppCﬂ- al(p)

_ JdpAd(p)ﬁ{(p) [(1 + :Z) - oefq(p)}

n; 1 0
:_fei+__fei7 (Dl)
me Be O,

where

£, = JdpAe,(pyq(p)

2am, )2 1 [
(2mm,)"" 1 JE 1
ne  00) o 1+ e PelrE)

100 zE
x J 4z & ger .y (D2)

i 73/2 ¢l
oo 2mi 23/

and

£ = JdPAet(P) a(p).-

In the following, we first determine f;f and substitute the
result into Egs. (D2) and (D1).

a. Evaluation of f!

We will first show that

S Ynen; 0 T1 u
f;f = /—a— —erf R (D3)
mifle; ou | u (v +v )

vl dnin, 1
C mipy, 37 (02 + 0?)’ 3/2

(u, —u;) (D4

if [Ju; — u || /v; < 1,
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where u = u, — u,. In the literature, one generally finds the
approximate expression (D4) for fﬁf For our purpose, we use
the exact expression (D3) since Eq. (D2) requires an integral
of fgf(z) over the entire range of inverse temperature z, and
the approximation (D4) is not valid across the entire range.

Proof. Using A,; and He; = merf ( ﬁm’||v w)l]),
after change of variables and defining u =u, —u,

fl _ (meﬁe> V' nen; nen; O Jdverf(v/vi) o (v-ui
¢ 2n My ou v

B <meﬁg>3 Yinen;

\ 2z m; [,

—00

_ <meﬁe>”~
- 27

/f"nenig /23 ot 1
mifty; Ou | u (V2 +v2 )1/2

0 |mo? [ 2,00
e (v=v)~/v2
X ou [—u J dverf(v/v;)e” ]

]
b. Evaluation of f,;
Using Eq. (D3) into Eq. (D2), we find
fi= 7(27”” )3/2 yinen, /ﬁijm dEil
ne m;,; 2 03 —50 1+ e—[f(,(ue—E)
L0 1J"°° dz e " z \!?
— |- ———erf[ [———) u]].
ou |uJ_; 2miz3/2 (1 + zv1.2>
This integral can be simplified in the limit |ju; — u,||/

v; < 1. Indeed, for all z, (1+Zzu?> 2y < ||lu; — u,||/v;. When
[l —w[|/v; < 1, '

(27‘cm )3/2 yun ni fm, 1 (> 1
fo =0 Me | B —
ne m,-,ue[ 2 03 —50 1 + eiﬁﬂ<ue7E>

4 Jioo dz ent
———u
3V

7[,002_751' (1 + vizz)3/2 .

The complex integral is calculated in Appendix G 1, which
yields

f,, = 1 Veinl’ni m, 8 (nmemiﬁi> i
e miuy; \ 2 3m 2
3/2 00 —X
o fMe(me N0 J v
2\miB;)  Oclo | 4 p-Boreomnt

c. Evaluation of F;

F,; results form applying Eq. (D1) to f,; above.

2. Collisional energy exchange rate Q,;

Following the method outlined in Appendix B, we
write
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p>
Qm - Jdp 2m£C (p) U Fet
p m;
= Jao (o aawtm| (14 70) 000
1
ei( (P) — Uy - Fei
m; 1
_—Cl1+ﬂ o —u,; - Fo,
where
1
= dpp - A.i(p)fy(P)
(2mm,)** 1 (> 1
T e 0.) o 14ehE)
e P o
<[ s
1 o
Q@ = o, Jdp TrD.i(p)f4(P)
20m,)** 1 [ 1
_ (2mme)"" 1 J N —
ne 0. 1+ e BB
oo dz e cl
XJ 2mz3/2q2( )
and

(Be) - Jdpp Ae: p)fB

4 (B,) = 2}116 JderBa(p)fB (p)

a. Evaluation of q' and qg

Following calculations similar to those previously out-
lines for the calculation of r¢/, we find

u
erf <—(v2 N VZ) 1/2)

M [l u

nenly

@B = u; v 4 =

N 2 1 1 —
R e ¢
V(12 4 02) P14

u
erf [ ————
neniy®t <(V2 +vi )1/2>

cl
45 (B.) =
5 (Be) o ”
In the limit |ju; — u,||/v; < 1
2 me V()ineni ﬁé/z
(ﬁe) - \/— 2 mi,ug,' mgﬁ 3/27
miﬁi
. 2m;  mey¥inen; B>
q2](ﬁe) = ey

= meﬁ 2 miUe; : +meﬁe 1/2
mifs;
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b. Evaluation of q; and q2

(277:me)3/2 2 yn.n; 1
g =" -
e \/- mipt,; 0,
2E
o0 1 J\IOC dZ emz
X dE ————+—— P
Jfoo 14 e Pelnb) ) 27”2(1 + 0%2)3/2
(2nme)/ me 2 ynenimi 1
0 = R/ S

e 2/ miu,; m, 0,

o0 1 o 7 e%z
dE————— it a2
% J 1+ e PeluE) Loo 2mi (1 4 122)'?

—00

The complex integrals are calculated in Appendix G 2.

c. Evaluation of Qg;

In the limit |ju; — u,||/v; < 1

2

el
= 16\/—y—l’l,m (kBT kBT,'>

1 [ 2 ,—x*
X—J g et

mefe s
OcJo | 4 o-Boteomn™

In the additional limit m, /m; < 1

vinim, 1 1
m; 0,1+ e Pere

Qei =4n (kBTg — kBTl‘).

APPENDIX E: SELF-ADJOINTNESS

We use the notations introduced in Sec. III

1.C1, Ca

The proof is straightforward once we observe the fol-
lowing relations between the friction and diffusion terms

Cfo(l + 50f0)a = %aglu {Aee[folfo(l + 59f0)d} (Ela)
and

0 20
a_p D[fO] - ZBee[fO] /38 Aee[fO] (Elb)
Difo) -p = f?’"Aee[fo], (Elc)
%%Aee[afO] :%B[afO(l +50f0)]7 (E1d)

1o
EﬁAee[afO] = Aee[afO(l + 60f0)(1 + 256]{‘0)}; (Ele)
1 0% -

ﬁ2 a 9,2 [afO] [afO(l + 50f0)(1 + 259f0)]v (E1f)

which are direct consequences of the basic properties (B1)
satisfied by the quantum distribution function fj,.
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The relations (Ela)—(E1lc) imply

10

€l a1+ 3010 =5 - Dl 5

fo(1+ 59f0)} , (E2)

while (E1d)—~(E1f) yield
Calafo(1+00fo),fo)
0 177 / od' / /
= v“a—p : { Udp V(p,p') ~84;,f0(1 + 59f0)]fo(1 + 59f0)}~
(E3)

By integration by parts, Equations (E2) and (E3) give the
desired relations

e , Ob Oa
[b,a), = —y “dpdp V(p,p') : {3p3p}

x fo (1 + 00f3)fo(1 + 60fy)
= [avb]l

and

ece Y, / ab aa

x fo(1 4 60fg)fo(1 4 60fy)
= [av bb,

where a and b are any phase-space functions.

2. fo(1—01y) O[6f]
Defining

Plof] = — Jdp cgdf ,
B[§f] = — Jdp [2cg® + d) + 2d . ]of,
the approximation defined in Sec. III C 2 becomes

O[5f] = K - P[of] + EB[SF).

Then,
la,b]; = Jdpfo(l — 0fo)bK - Plfo(1 — 0fp)a]
+ [ vt - o beBlA(L - o)

— oePlfo(1— Ofy)a) - Jdpfo(l ~ 0fy)beg
+O(5'B[f0(1 — Gfo)d]
 [dosil1 — ofblzce’ + d + 2d.]

= —axP[fo(1 — 0fo)a] - Plfo(1 — 0Ofo)D]
—agBlfo(1 — 0fo)alB[fo(1 — 0fo)b]
= [b,a]i.
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APPENDIX F: FORMULAS FOR o, AND a;

We use the notations introduced in Sec. III.

-1
1. ax= [%fdp cg2f0(1—afo)}

From Egs. (B1) and (Ela), with Fo(g) = fo(g + mu)
m 0
Fo(1 — 0Fy) = — 2 2 Fye), FI
of 0) B0 0(8) (F1)
10

cfo(1 - 0f) = Fop [a(g)Fo(g) (1 — OFo(g))]

and

ae m N (B
a(g) = — & <2nh2ﬁ) Q%(ﬁlb%gz)
1_term g m 30 [0 (5, 80O
ox 352 <2nh2/3> xl?u UO de% ﬂ'u’ng Og

30 161 o0
= —(2n)" 3;2 JO dgg*Fo(g)’

after an integration by parts. The last integral is calculated
{ 2Fo + "”’ IF, "} and an

integration by parts, which directly leads to the expression
(27) of the main text.

using Eq. (F1) in the form g°F} =

2. ac=[[dp[2cg* +(d|+2d,)g?]fo(1-0f)] "

Using the expression (21) for a, b, d||, and d, the inte-
grand becomes

1 00
—:47‘CJ dg|: (I—ZHFO)ag —|—167‘C'}) 2F0 Fo(l—gFo)
xe 0 ﬁ

The first part of the integral (which includes a) can be reex-
pressed with an integration by parts using Eq. (B1), i.e.,

%;W = —ﬁgFO(l — 0F,). The

involves the term 5> g Sa(g), which can evaluated using Eq.

resulting  integrant

(21). This results in the following expression:

1 2 (oo
— = _1287'52 ee( ) J dggZFO(g)Z7
B) Jo

ae

where the last integral was explained in Appendix F 1.

APPENDIX G: EVALUATION OF COMPLEX
INTEGRALS

1. fa+lo° dz

—jo 2ni a+z)3/2

We show that

4100 z
J . e "0(), (G1)

ymivo 270 (a+ 2)3/2 N

where o > 0,a >0, and ¢ € R are real constant.
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Proof. The integral can be obtained from the relation

J~a<+ioo dz e’ - 0 JHI’OO dz o
amive 2T (a + 7)*/? 9a ), i 2mi (g 4 2)'/?’

where, as we will show below, the second integral is

0(+i00d 1z 1
| == el

wivo 21 (q 4 2)'2 V/mt

where 0 is the Heaviside step function.

The last integral can be evaluated as follows.

(1) Let us assume t > 0. The integrand has a branch
point at z=a and we choose the real segment | — oo;al as
the branch cut. Let us consider

dz e~
Jc 2mi (g + )"/’

where C is the contour shown in Fig. 6. On the figure, the
sections BC and DE actually lie on the real axis but are
shown separated for visual purposes. FG is a circle of radius
€ and centered at (a,0). The sections AB and EF are arcs of
a circle of radius R and centered at the origin. Finally, the
thick line to left of x =a on the real axis represents the cho-
sen branch line. Since the integrand is analytic inside and on
C, we have by Cauchy’s theorem

J dz e’ _0
sz(aJrz)l/z )

or, more explicitly in terms of the line integrals along the
sections of contour starting from point F

a+iR ot n eRe’“t )
J 71/2612 + J %UziRe’HdQ
a—ik (a + z) ¢ (a + Re?)
i0

€ —(u+a)t - _(ee'?—a)t )
—|—J ¢ du—!—J ¢ : iee’d0

R—a l\/l; n (eele 172
R—a —(u+a)t 2n—¢ Re''t )
+J S du—i—J — R0 = 0
€ —ivu n (a + Re?)
Y

_\A
Yo+ ilRsing

a—iRsing

_/F

FIG. 6. Contour C = ABCDEFA used to evaluate integrals G1 and G2.
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In the limit R — oo and € — 0, the second, fourth, and sixth
contributions (corresponding to integrals along the arcs of
circle AB and EF, and along the circle CD) vanish, and we
have

otico g, et 1 (R4 p—(uta)t
J = i J du

— = lim - —
; 1/2 1/2
oo 27 (a + Z) / R—00,e—0T0 ), ul/

T

—at

De—at [ 5
_ J e ldy (u=1?)
0

e

Nk

(2) Let us assume t < 0. Let us consider

J dz e
o 2mi ((l + 2)1/2 ’

where C' is the contour shown in Fig. 7. Since the integrand
is analytic inside and on (', this integral vanishes by
Cauchy’s theorem. Moreover, in the limit R — oo, the inte-
gral along the arc of circle FGA vanishes, and therefore

o+ico d izt
J z e _o.

o—ioo % (a + 2)1/2

o+ i dz.
2. f—lOO 21|:lz a+z)3/2

We show that

J%+ioo£ P B erf(\/cﬁ) _i\/_ " ()
oa—io0 27-“'Z(a + 2)3/2 B 03/2 \/-7E a ’

(G2)

where o > 0, a>0and r € R are real constant.
Proof. The integral is obtained from the relation

Jioo dz e’ B ! J~ioo dz e’

—ioo%Z(a + 2)3/2 - % /27

—ico ﬁz(a +72)

P « — 1Rsin ¢

FIG. 7. Contour C = AFGA used to evaluate integrals G1 and G2.
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where, as we show below, the second integral is

J”DO dz e erf(var)

— = O(1).
—ioo 2T 7(a + 2)1/2 Va 2

The last integral can be evaluated as follows.

(1) Let us assume t > 0. As before in Appendix G 1, the
integrand has a branch point at z=a and we choose the real
segment | — oo; a] as the branch cut. In addition, it has a sin-
gle pole at the origin. Let us consider

j' dz e’
627-”' (a + 2)1/2 )
where C is again the contour shown in Fig. 6. By the residue

theorem, this contour integral is equal to the residue at the
polez=0

=Res| ————= =

172 z(a—|—z)1/2 ﬁ.

J dz e’ e 1
c2miz(a + z)

As in Appendix G 1, in the limit R — oo and € — 0, the con-
tributions to the contour integral along the arcs of circle AB
and EF and along the circle CD vanish. Hence, we are left
with

J;Hrioo dz etz
amive 2T z(q + z)'/?
1 1 R—a ef(u+a)f
- lim - e
\/E+R—>olcr,2—»0nL (u—a)u‘/zdu

_ erf(yar)
N

In evaluating the last integral, we used

JOO d ef(u{»a)f jm d , JOC d e*(lH’lI)l
UH——"——re== t U—mr——
o (wtayu ) 0 Vi

_[r ’7ﬁ€ﬁt,—lerc a
= || ar e = peelva.

(2) Let us assume t < 0. As before, the integral

J dz e”
¢ 2miz(q + 2)'/?

on the contour C' shown in Fig. 7 vanishes since the inte-
grand in analytic inside and on the contour. It implies

o+-ioo d izt
A e
j —o.

s—ioo 2T'”.z(a +2)'?
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